This paper reports the development of a method for the determination of copper and iron in jet fuels employing the electrothermal atomic absorption spectrometry (ETAAS). In order to allow the direct determination of the analytes, the samples were injected into the graphite furnace as detergent emulsions in order to avoid their volatilization during analysis. The results obtained in this work indicated that a stable emulsion can be formed by mixing 1 mL of a 7% m/v Triton X-100 solution containing 10% v/v HNO 3 with 4 mL of jet fuel. The injection of emulsions provided integrated absorbance signals with suitable sensitivity and precision for 300 min at least. The addition of chemical modifier was not necessary because background values were always very low, allowing the use of pyrolysis temperature around 1000°C for both analytes. Both Triton X-100 and HNO 3 concentrations in the solution used to form the emulsion had remarkable influence on the sensitivity as well as the heating rate employed in the drying step. Under the best conditions established in the present work, limits of detection of 0.50 and 0.46 lg L
Introduction
Nowadays it is well known that the presence of metallic species in petroleum-derived products, even in trace quantities, can result in a number of distinct problems. In the first place, the stability of these products can be strongly reduced due to the presence of trace metals, since they catalyze oxidative reactions of certain heteroatomic compounds containing N, O or S and hydrocarbons like alkenes, indenes and cyclic hydrocarbons, resulting in the formation of solid deposits [1] , which are commonly called gum. The accumulation of gum on the internal metallic surfaces of the engines affects negatively their efficiency, performance and durability [2, 3] . Also, the presence of metals in liquid fuels is associated with corrosion, metal deposition on engine parts and poor fuel performance [4, 5] . In this sense it is clear that liquid fuels containing high metals concentration have their stability compromised and that the development of suitable analytical methods for the determination of low level concentrations of metals in fuel samples is required as an important tool for quality control.
Electrothermal atomic absorption spectrometry (ETAAS) has been employed by our research group for the determination of metallic elements in various petroleum industry-related samples [6] [7] [8] [9] [10] [11] . ETAAS technique is very selective and sensitive and, for that reason, it is especially useful when the analytes are found in very low concentrations in the samples. However, although the advantages observed in the use of ETAAS, the analysis of volatile fuels is still a challenge because of the intrinsic instability of the samples. In order to overcome this drawback, the employment of stabilizing methods of samples has grown up in the last few years as alternative to keep them unchanged during the whole analysis. Undoubtedly, the injection of samples in the form of emulsions [11] [12] [13] [14] [15] [16] or microemulsions [17, 18] are excellent alternatives for this purpose, in spite of the problems derived from these procedures like the increase of the blank values and excessive handling of samples.
Although microemulsions are more stable than emulsions [19] , in general, they require higher dilution of the samples to be formed. This fact leads to the development of procedures with poorer detection and quantification limits in relation to the formation of emulsions for the stabilization of samples. The injection of emulsions is still not a procedure widely employed in the determination of metals in liquid fuel samples by ETAAS (or even by other 0016-2361 Ó 2010 Elsevier Ltd. doi:10.1016/j.fuel.2010.12.008 analytical technique). Only few works can be found in the literature regarding this subject [11] [12] [13] [14] [15] [16] and, to our knowledge, none of them are related to the analysis of jet fuels.
Cassella et al. emulsified the samples with Triton X-100 as stabilization strategy for the determination of As and Sb in petrochemical naphtha by ETAAS [11] . Aucelio et al. [12] [13] [14] also used Triton X-100 for the emulsification of lubricating oils, gasoline, and kerosene in the determination of Sb, Sn, Ag, As, and Se by ETA-AS. Meeravali and Kumar [15] determined Ni and V in naphtha samples by ETAAS with Ir-W permanent modifier. In this study, the very low stability of the naphtha was pointed out, thereby confirming that the formation of emulsion is an excellent alternative to solve the problem related to the high instability of the signals. Recently, the emulsification was also explored for the determination of metals (Ni, V and Co) in non-volatile oil samples by ETAAS. In this work, the calibration could be carried out with aqueous standards, which facilitated the whole procedure [16] .
The main objective of the present work was to develop a methodology to determine Cu and Fe in jet fuel by ETAAS. The samples were injected in the form of detergent emulsions in order to keep them stable during the analysis. According to Teixeira et al. [20] , which studied the effect of various metals on the gum formation in automotive gasolines, Cu and Fe are the most critical metallic elements, inducing the gum formation only after 7 days of storage.
Experimental

Apparatus
All experiments were performed on a Varian (Mulgrave, Australia) polarized Zeeman-effect electrothermal atomic absorption spectrometer, model AA240Z, equipped with a Varian GTA 120 graphite furnace unit and coupled to a Varian PSD 120 auto sampler. Hollow cathode lamps for copper and iron, also furnished by Varian, were employed in all experiments. Integrated absorbance measurements were made by using three types of pyrolytical coated graphite tubes also supplied by Varian: with (Part No. 63-100026-00) and without (Part No. 63-100011-00) L'vov platform and partitioned one (Part No. 63-100012-00). Operational conditions used for the measurements of both Cu and Fe are shown in Table 1 .
Reagents and solutions
All solutions were prepared with purified water obtained in a Direct-Q 3 System (Millipore, Milford, MA, USA). Trace metal grade nitric acid and analytical grade Triton X-100, supplied by Tedia (São Paulo, Brazil), were used in the experiments.
Aqueous stock copper solution of 1000 lg mL À1 was supplied by SPEX (Metuchen, NJ, USA). All standard solutions used in this work were prepared daily by dilution of the stock solution. Copper oil-based standard with 1000 lg g À1 was furnished by Conostan (Houston, TX, USA).
Aqueous stock iron solution of 1000 lg mL À1 was also supplied by SPEX (Metuchen, NJ, USA). As for copper, standard solutions were prepared daily from this stock solution just before use. The iron oilbased standard with 1000 lg g À1 was also supplied by Conostan. Diluted Cu and Fe organic standards were prepared by diluting oil-based standard solutions in HPLC grade hexane supplied by Tedia (São Paulo, Brazil).
The 7% w/v Triton X-100 solution was prepared by dissolving 7 g of Triton X-100 in 10% v/v HNO 3 solution enough to complete 100 mL.
Jet fuel free of metals was supplied by PETROBRAS and was employed during the optimization of the methodology in the preparation of standard emulsions.
Emulsion preparation
The emulsions were prepared by mixing 4 mL of jet fuel sample (or standard) with 1 mL of 7% w/v Triton X-100 solution prepared in a 10% v/v HNO 3 medium in a plastic capped tube with 6 mL capacity. The obtained mixture was vigorously shaken, manually, until the formation of the emulsion. After that, the obtained emulsion was transferred to the auto sampler cup and injected into the graphite tube. Both Cu and Fe were measured using this same emulsion.
For the quantification of Cu and Fe in the samples, calibration was performed with jet fuel standard emulsions prepared in the same way that the samples were prepared, but employing jet fuel free of metals and oil-based standard solutions of the analytes.
General procedure for the determination of copper and iron by ETAAS
For both Cu and Fe, a volume of 20 lL of sample or standard emulsions was injected into a partitioned (pyrolytic coated) graphite tube and the temperature program was run. Measurements were carried out by integrated atomic absorbance mode under the conditions shown in Table 1 . The temperature programs used for copper and iron are listed in Table 2 .
Results and discussion
The optimization of the present methodology was carried out taking into consideration two premises: (i) establishment of better conditions for emulsion formation, considering, mainly, its stability; and (ii) the achievement of the highest sensitivity as possible for each analyte. These objectives were reached through the optimization of distinct parameters associated to the preparation of the emulsion and to the temperature program used in the ETAAS measurements.
Study of the emulsion formation and stability
The main problem in the direct measurement of trace elements in jet fuel by ETAAS is related to the high volatility of the samples, Table 2 Temperature programs employed in the determination of copper and iron by ETAAS with emulsion sample introduction.
Step which results in a decreasing and unstable absorbance signal. This effect was demonstrated for both Cu and Fe by measuring the metals in a standard jet fuel solution (metal-free jet fuel spiked with 40 lg L À1 Cu or Fe) continuously during 300 min. The behavior of the analytical signals observed for both analytes showed a similar pattern, decreasing around 65% and 60% for Cu and Fe, respectively, after elapsed 240 min of the experiment (Fig. 1A and B) . The injection of the samples in the form of detergent emulsions was employed to solve this problem. Triton X-100 was used as emulsifier agent and the influence of its concentration in the aqueous solution on the stability of the emulsions was evaluated. As expected, Triton X-100 formed stable emulsions with jet fuel in all concentrations tested (1-7% w/v), allowing measurements for both analytes up to at least 300 min after emulsion preparation (Fig. 1A  and B) .
The effect of the Triton X-100 concentration on the analytical signal was also investigated. As in the first part of the experiment, the HNO 3 concentration in the aqueous solution was maintained at 10% v/v. The results obtained in this experiment showed that the surfactant concentration has similar effect on Cu and Fe signals, being verified a small decrease (lower than 8%) of the analytical signals with the increase of the surfactant concentration. This behavior can be credited to the increase of the viscosity of the emulsions prepared when higher concentrations of Triton X-100 were tested, which caused a small decrease of the volume of emulsion injected into the graphite tube. The blank signals were always very low, evidencing that no contamination due to Triton X-100 reagent or to the HNO 3 was observed.
Other points considered in the evaluation of Triton X-100 concentration were the procedure for the emulsion preparation and the precision of the measurements. The employment of higher concentrations of Triton X-100 facilitated the emulsion formation and provided analytical signals with better repeatability. So, once the decrease of the sensitivity was negligible with the increase of the surfactant concentration, a Triton X-100 concentration of 7% w/v was chosen for the methodology because in this condition the emulsions were formed just after few seconds of agitation and the relative standard deviation of the measurements (n = 3) was always better than 3% for Cu and 5% for Fe.
Influence of the nitric acid concentration
Several procedures involving the injection of emulsions or microemulsions for ETAAS measurements of different metals use nitric acid either as stabilizer agent to prevent hydrolysis of the metallic ions or to guarantee that the analyte will be present in its less volatile form inside the graphite tube during temperature program run. Therefore, the influence of nitric acid concentration in the aqueous solution used to prepare emulsions was studied in the present case. This study was carried out by varying HNO 3 concentration in the range of 0-10% v/v, always maintaining the Triton X-100 concentration at 7% m/v, as previously chosen.
For both Cu and Fe it was possible to realize that increasing analytical signals are obtained by increasing the HNO 3 concentration (Fig. 2) . In both cases, a noticed increase in the absorbance signal was verified up to 5% v/v HNO 3 concentration and, after this point, they remained almost constant, presenting only a slight variation which could be attributed to the own variability of the measurements. So, in order to ensure maximum sensitivity for Cu and Fe determinations, a nitric acid concentration of 10% v/v (2% v/v in the emulsion) was chosen for the method.
The results obtained in this experiment indicate that the acidity of the emulsion plays important role in the ETAAS measurement of Cu and Fe by ETAAS, what directly affects the sensitivity of the methodology. In the present case, the acidity seems to be responsible for the extraction of the metals present in the jet fuel (as organic complexes or organometallic molecules), making them more easily atomized and thus increasing the analytical signals.
Determination of the pyrolysis and atomization temperatures
After setting the adequate conditions for the emulsion, the next step was the establishment of the correct temperature program for À1 of each analyte) with a 7% w/v Triton X-100 solution prepared in 10% v/v HNO 3 was employed. No chemical modifier was used since in the former experiments its addition was not necessary. It was considered that modifiers only could be a source of contamination to the solutions measured, bringing no noticeable advantage in the determination of the metals.
As it can be seen in Fig. 3 , the pyrolysis curve for Cu showed that this metal is not volatilized in temperatures up to 1000°C in the emulsion medium. A continuous decrease of the analytical signal was noted when higher temperatures were set, indicating the volatilization of Cu during pyrolysis. As expected, Fe presented a behavior slightly different from Cu, being stable up to 1200°C in the emulsion medium. It is important to remark that the background signals observed in the measurement of both analytes were always lower than the analytical signal, being easily corrected by the Zeeman-effect approach.
Atomization curves were constructed employing a pyrolysis temperature of 1000°C for both Cu and Fe (Fig. 3) . The profile of the atomization curve for Cu showed that better sensitivity, in the emulsion medium, can be achieved when this metal is atomized at temperatures higher than 1800°C. For Fe, the analytical signal was maximum and constant for atomization temperatures higher than 1900°C. In spite of the good sensitivity observed at 1800 and 1900°C for Cu and Fe, respectively, atomization temperatures of 2300 (Cu) and 2400°C (Fe) were established for the method because narrower absorption peaks were verified at these temperatures.
Evaluation of the effect of the heating ramp time and the final temperature of the drying step
One of the most critical steps in the analysis of volatile organic liquids by ETAAS is the drying step of the temperature program. In general, fast heating in this step can cause abrupt boiling of the sample, resulting in the spattering of the injected solution around the inner surface of the atomizer. As consequence, poor precision of the measurements can be verified [10] . In the present case, this phenomenon can be more prominent, since the emulsion, when heated, tends to break, separating organic (highly volatile) and aqueous phases. The use of slow heating rates in the drying step minimizes this problem, allowing the volatilization of each solvent separately. So, the influences of the heating ramp time and the final temperature of the drying step on the measurement of Cu and Fe were evaluated, using the emulsified jet fuel. The experiment was performed by changing the heating ramp time in the drying step between 10 and 100 s, and also varying the final temperature of the step in the range of 120-250°C.
The obtained results (Fig. 4A and B) showed that the highest analytical signals were observed when the heating ramp time was between 50 and 100 s for all final temperatures tested. This indicates that the use of slower heating ramp rates results in better sensitivity for both analytes, probably because of the more efficient degradation of the organic sample during drying step and due to the insignificant volatilization of the analytes in this situation. Also, better repeatability in the measurements was attained when the heating ramp time of 100 s was used (in both cases), evidencing that slower heating rates are really efficient to avoid the spattering of the liquid sample.
As stated previously, the influence of the final temperature of the drying step was investigated in the same experiment. For Cu, no significant differences in the analytical signals were observed by varying the final temperature of the drying step. Nevertheless, for Fe, the highest temperatures yielded better sensitivity. This result could be associated to the jet fuel degradation during the measurement cycle, which is enhanced at higher temperatures. So, in order to achieve higher sensitivity along with better precision of the measurements, a heating ramp time of 100 s and a final tem- perature of the drying step of 250°C were chosen for the temperature programs applied for Cu and Fe.
Effect of the tube type
Three types of graphite tubes were evaluated in this work: (i) graphite tube with L'vov platform; (ii) graphite tube without L'vov platform, in which analytes are atomized directly from the tube wall; and (iii) partitioned tube, in which the solution is confined to the central part of the tube due to the action of the ridges, avoiding its dispersion along the tube surface. In this case, the atomization also occurs from the tube wall, since this type of tube cannot be used with platform.
Similar integrated absorbance signals were attained by using the tubes with and without L'vov platform in the Cu measurement. The unique difference, as expected, was the time required to complete the signal, which was higher when the tube with L'vov platform was employed (Fig. 5A) . On the other hand, the use of the partitioned tube increased the absorbance signals in around 30%. In terms of the time required to complete the signal, the partitioned tube presented a behavior intermediary between the tubes with and without platform, indicating that the confinement of the solutions between the ridges of the partitioned tube played important role in the atomization process. In the Fe measurements, the use of the partitioned tube also yielded higher integrated absorbance signals than the tubes with and without L'vov platform. The analytical signals obtained with these tubes presented integrated absorbance around 80% and 50%, respectively, of the absorbance observed for the partitioned tube and the time required to complete was also intermediary for the Fe measurement with partitioned tube (Fig. 5B) .
The increasing of the analytical signals (for both Cu and Fe) with partitioned graphite tube occurred probably because the atomic vapor generated with this kind of tube was most dense than the other cases due to the confinement of the sample (or standards) in a limited space inside the graphite tube. Therefore, the partitioned tubes were employed in the analysis of the samples.
Analytical characteristics and applications
In order to derive the calibration equations and the limits of detection and quantification of the methodologies, analytical curves were constructed, for each analyte, over a concentration range of 5-50 lg L À1 , employing standard emulsions prepared from jet fuel free of metals. Two distinct approaches were tested for the construction of analytical curves: (i) addition of metals as organic standards; and (ii) addition of metals as aqueous standards. In both case, metals are easily incorporated to the emulsions since they are formed by mixing aqueous and organic phases. The analytical characteristics for the methodologies employing the two approaches are shown in Table 3 . The limits of detection (3 s criterion) and quantification (10 s criterion) were estimated from the measurements of standard jet fuel detergent emulsions containing no Cu or Fe and the precision was estimated from ten measurements of standard emulsions containing 5 lg L À1 of each analyte. It is important to remark that each parameter was determined when analytes were added to the emulsions as aqueous and oilbased solutions.
The performance of the developed methodology for copper and iron determination in jet fuel was evaluated through the analysis of real samples spiked with organic standard of each analyte. All determinations were carried out in triplicate, and the results obtained are listed in Table 4 . As it can be seen from the obtained results, recovery percentages ranging from 95% to 105% were verified in the determination of Cu and Fe in spiked jet fuel samples, attesting the accuracy of the developed procedure.
Conclusions
According to the results observed in the present study, the accurate determination of copper and iron in highly volatile jet fuel samples by ETAAS can be easily performed by employing the emulsion sample introduction approach. This strategy is mandatory in this case, since the stability of signals obtained by injecting untreated samples is poor, depleting 60-65% in around 240 min. Emulsions prepared by mixing samples with Triton X-100 and ni- tric acid were stable for at least 300 min, permitting the analysis of the samples without variation in the signal due to sample volatility.
The use of chemical modifiers was not necessary because low background signals were observed even when low pyrolysis temperatures were employed. Both Triton X-100 and nitric acid concentration played important role in the method because they influenced the sensitivity of the measurements. Also, the heating velocity during sample drying showed to be a critical parameter, since in this step the jet fuel seems to be degraded. 
